We investigated the architecture of the extracellular matrix (ECM) during healing of full-thickness wounds in the pig. Two different treatments, one based on epidermal transplantation (split skin mesh grafts, SP wounds) and one consisting of a combination of epidermal transplantation and a dermal matrix substitute (MA wounds) were compared. The dermal matrix consisted of native bovine collagen coated with elastin hydrolysate. The latter treatment r e d u d wound contraction and improved tissue regeneration. The expression patterns of fibronectin, von Willebrand factor, laminin, chondroitin sulfate, and elastin, detected by immunohistochemistry, were examined in time and indicated different stages of healing. During the early phase of healing the dermal matrix induced more granulation tissue, a *rent fibronectin expression pattem, and rapid vascular cell ingrowth (von Willebrand factor). Furthermore, in the MA wounds chondroitin sulfate was detected earlier in the basement membrane and fibronectin staining disappeared more
Introduction
The healing of full-thickness skin defects, involving both dermis and epidermis, comprises complex processes leading to the formation of new tissue. Wound contraction and scar formation are still unavoidable components of the healing process. Scar tissue is less flexible than normal skin and can be cosmetically disfiguring, whereas wound contraction can lead to joint disablement (Clark, 1985) . Wound contraction and scar formation are believed to be induced by poor dermal regeneration, extensive remodeling of the rapidly. During later stages of healing, chondroitin sulfate expression was selective for areas in which ECM remodeling was active; in these specific areas elastin staining reappeared. ECM remodeling and elastin regeneration occurred both in the upper and lower dermis for the MA wounds but only in the upper dermis for the SP wounds. Electron microscopic evaluation of the wounds after 2 weeks showed many myofibroblasts in the SP wounds, whereas in the MA wounds cells associated with the dermal matrix had characteristics of n o d fibroblasts. The results suggest that the biodegradable dermal matrix served as a template for dermal tissue regeneration, a l l o w e d faster regeneration, and improved the quality of healing in large full-thickness skin defects. (1 Histocbem Cytochem 44: 1311-1322, 19%) KEY WORDS: Pig skin; Extracellular matriu; Wound healing; Dermal substitute; Fibronectin; von Willebrand factor; Laminin; Chondroitin sulfate; Elastin; Immunohistochemistry; Electron microscopy. extracellular matrix (ECM), and differentiation of fibroblasts into myofibroblasts (Desmouli+re et al., 1992; Gabbiani et al., 1971 ; Hinshaw et al., 1965) . The processes of cellular differentiation, dermal tissue degradation, synthesis, and remodeling are guided by cytokines, cell-cell contacts and cell-matrix interactions (Grinnell, 1994; Tooney et al., 1993; Ruoslahti, 1989) . However, details of these mechanisms leading to wound contraction and scar formation are still unknown.
We have investigated the expression of several ECM molecules and the changes in the dermal architecture during different phases of wound healing to increase our insight into different cell-ECM interactions and the influence of ECM molecules on fibroblast behavior.
Fibronectin plays an important role in the early phase of wound healing. Its expression is highly upregulated after wounding and, together with fibrin, it acts as a provisional matrix and promotes, e.g., keratinocyte and fibroblast migration (Kim et al., 1992; Knox et al., 1986; Clark et al., 1982; Postlethwaite et al., 1981) .
The localization of von Willebrand factor gives insight into the process of angiogenesis. The glycoprotein is tightly associated with factor VIII, a co-factor in the blood clotting cascade that is present in blood, plasma, platelets, and endothelium (Ruggeri and Ware, 1993; Lollar, 1991) . Angiogenesis has important regulatory functions in wound healing. Endothelial cells secrete cytokines and they control inflammatory cell infiltration (Albelda et al., 1994) . Furthermore, angiogenesis has an important nutritive role, since splitskin mesh grafts and cultured grafts transplanted onto the wound site are unable to survive when vascularization of the wound bed is insufficient (Kamagai et al., 1988; Gallico et al., 1984) .
Laminin is the major noncollagenous component of the basement membrane (BM). Laminin is important for cell attachment and maintenance of the dlfferentiated state of epithelial and endothelial cell layers that are intimately associated with the BM (Yurchenco and Schittny, 1990; Beck et al., 1990) . In wound healing, BM regeneration is important for attachment and differentiation of epidermal grafts (Mommaas et al., 1992; De Luca et al., 1989) .
Chondroitin sulfate is a disaccharide that forms glycosaminoglycan (GAG) chains of different lengths. These GAGS are covalently attached to core proteins forming chondroitin sulfate proteoglycans (CSPGs) (Hardingham and Fosang, 1992; Ruoslahti, 1989) . In normal skin, CSPGs are mainly found in BM (Daugaard et al., 1991; McCarthy et al., 1989) , but in healing wounds CSPG expression is upregulated throughout the granulation tissue (Ye0 et al., 1991) .
Elastin is a highly insoluble protein present as a fibrous network in connective tissue and is responsible for the elasticity of the tissue. In human scars, elastin fibers are only detected years after wounding (Compton et al., 1989) .
Recently, we have described a standardized full-thickness wound model in the pig to test dermal substitutes (de Vries et al., 1993) . One dermal substitute, composed of bovine Type I collagen with the addition of elastin hydrolysate, applied in combination with split-skin mesh grafts, allowed better healing of full-thickness wounds (de Vries et al., 1994) and improved dermal regeneration in a human punch biopsy wound model .
In the present study, we analyzed in the pig wound model the ECM organization during the tissue regeneration process and compared these data to the architecture of normal pig skin. We compared two treatments, split-skin mesh grafts alone or a combination of split-skin mesh grafts and the dermal substitute described above. The latter treatment reduced wound contraction by 10% compared to treatment without dermal substitute (24% vs 34%) (de Vries et al., 1994) . Furthermore, at the electron microscopic level, we studied the biodegradation process of the dermal implant and differentiation of wound fibroblasts into myofibroblasts during the first 2 weeks of healing.
Materials and Methods
Materials. The dermal substitute, a noncrosslinked native bovine collagen matrix (Type I collagen from bovine skin) coated with a 3% wlw aelastin hydrolysate (80% MW 60 KD and 20% MW 200 KD, from bovine ligamentum nuchae) was kindly provided by Dr. P. Tewes-Schwarzer (Dr.
Otto Suwelack Nachf. GmbH; Billerbeck, Germany). Exkin, a semipermeable polyether urethane membrane, was provided by Utermohlen (Utrecht, The Netherlands).
Antibodies were purchased from Dako (Copenhagen, Denmark) and Sigma Chemical (St Louis, MO). The following matrix proteins were detected with polyclonal rabbit antibodies using a three-step labeling procedure with biotinylated polyclonal swine antibodies anti-rabbit lgGs (Dako. 1400) as second antibody, followed by streptavidin-biotinylated horseradish peroxidase (Hrp) complex (Dako, 1:2OO) as third step: von Willebrand factor(Dako, 1:15OO), fibronectin (Dako, 1:800), and laminin (Sigma, 1150) . Chondroitin sulfate and elastin were detected with mouse monoclonal antibodies (Sigma, 1:300 and 1:500, respectively) in a two-step labeling procedure with second antibodies Hrp-conjugated goat anti-mouse (GAM) IgM (Sigma, 1:200) and Hrp-conjugated GAM immunoglobulins (Dako, 1:100), respectively. First antibodies were shown to crossreact with porcine antigens. Diaminobentidine (DAB) was obtained from Sigma.
Operative Procedures and Skin Biopsies. The operative procedures were performed as described previously (de Vries et al., 1994 (de Vries et al., ,1993 . The protocol was approved by the University of Amsterdam Animal Use Committee. Briefly, 14 full-thickness surgical wounds (3 x 3 cm) were created on the back of female Yorkshire pigs, weighing 20 kg at arrival. In the wound bed the dermal substitute was placed and covered with split-skin mesh grafts (0.20 mm thick) and Exkin. The latter is a polyetherurethane membrane that allows wound drainage but protects the wound against contamination (de Vries et al., 1993) . Eight wounds were treated with both treatment modalities on six different pigs. Four-mm punch biopsies for immunohistochemistry were taken from each wound after 1, 2, 3, 4. 5, 6, 8. 12, and 16 weeks post wounding and were fixed in 4% formalin-PBS solution for 7-9 hr at room temperature (RT) before embedding in paraffin. For electron microscopy, 2-mm biopsies were taken from each wound after 1 and 2 weeks and were fixed in 4% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 24 hr at RT. They were postfixed in 1% os04 in PBS at RT, dehydrated through graded ethanols, and embedded in Epon LX 112 (Ladd Research Industries; Burlington, VT).
Immunohistochemistry. Sections 5-6 pm thick were mounted on polylysine coated-glass slides. The sections were deparaffinized in xylol and hydrated through a graded series of ethanol. To remove endogenous peroxidase activity, the slides were incubated for 30 min in a 0.3% H202-methanol solution and then washed with water and PBS. Aspecific binding of antibodies was avoided by a 15-min preincubation with 10% normal goat serum (NGS) in PBS. The sections were incubated for 1 hr at RT with the first antibodies and washed three times with PBS. Subsequently, the appropriate second antibody was applied for 30 min diluted in PBS-lOI NGS serum. If the second antibody was biotinylated, a third incubation step was performed with the streptABComplex-Htp for 30 min in PBS. After extensive washing to remove nonbound antibodies, the color reaction was performed for 7 min in 0.05% DAB, 0.03% H202. 50 mM ?iis-HCI buffer, pH 7.8. Finally, the sections were counterstained with hematoxylin, mounted in glycergel, and examined.
As recommended by the manufacturers, the fixed tissues used for the fibronectin, laminin, elastin. and the von Willebrand factor stainings were predigested with a 0.25% pepsin, 10 mM HCI solution, pH 2.5, for 30 min at 37°C. Under these conditions, optimal dilutions of the antibodies were determined.
The sections were examined microscopically and photographs of representative stainings were taken using an Olympus SC35 camera (Tokyo, Japan) with 64T (EPY-135) Ektachrome film (Kodak, The Netherlands).
Positive and Negative Controls. Sections of hurpan and porcine normal skin served as positive controls. As negative controls, adjacent sections of the wound biopsies were stained with nonimmune IgG from the same , Figure 1 . Hematoxylin and eosine staining of the SP and MA wounds two weeks p.w. (A) A cell-dense granulation tissue was found in the SP wounds 2 weeks p.w. Upper part of section represents a part of the split-skin mesh grafts (arrows). (6) In the MA wound, more granulation tissue was formed with lower cell density compared to the SP wounds. A x 5 magnification of the lower dermis species at the same dilution as the primary antibody. No staining was noted in the negative controls.
Transmission Electron Mi-py.
Semithin sections (2 vm) were stained with Richardson solution (2% methyl blue. 2% azur 11. and 2% dinatriumtetraboratc in water) to locate the dermal area immediately above the subcutaneous tissue (area containing the dermal substitute). This area was selected for thin sections. The thin sections were collected on copper grids, double stained with uranyl acetate and lead citrate. and examined and photographed with a Philips 420 electron microscope.
Results

General Observatiom
During the first 2 weeks postwounding (P.w.), a cell-dense granulation tissue was formed in the split-skin mesh graft-treated wounds (SP wounds) ( Figure 1A ). In matrix-treated wounds (MA wounds), however, more granulation tissue was found and with lower cell density compared to the SP wounds ( Figure 1B ) (de Vries et al., 1994) . After 2 weeks, matrix fibers were still clearly present in the lower dermis of the MA wounds. They could no longer be detected at the light microscopic level 4-6 weeks after implantation. Epithelization of both the SP and MA wounds was completed within 2 weeks. Wound contraction started after 1 week and lasted until 6 weeks p.w. At this time point, the collagen bundles were organized more parallel to the epidermis in the SP wounds, which is typical for scar tissue, whereas the MA wounds showed a larger dermal layer with a more randomized collagen bundle organization. These observations were in agreement with earlier studies 1994) .
Fibronectin
In normal pig skin, fibronectin staining was detected only in blood vessels (results not shown). An intense fibronectin staining pattern was observed throughout the dermis for the SP wounds (Figure 2A) . For the MA wounds, a less diffuse fibronectin staining was noted. Fibronectin staining was found in close association with the matrix collagen fibers ( Figure 2B) . In time, when the matrix was degraded the fibronectin staining became more diffuse. After 6 weeks fibronectin staining was still present in the lower dermis of the SP wounds ( Figure 2C ), but was similar to normal skin in the MA wounds ( Figure 2D ).
Laminin
Laminin was already present in the BM at 1 week p.w. and was also found associated with vascular structures. Only at the leading edge of migrating epidermis, laminin was not yet present (results not shown). No differences in laminin staining were detected in the two types of wounds. 
von WiL!ebrand Factor and Chondroitin SuFate
In normal pig skin, endothelial cells stained positive for von Willebrand factor ( Figure 3A) , indicating vascular structures. Chondroitin sulfate labeling of normal pig skin was found in the BM and in the periphery of vascular structures ( Figure 3B) .
One week p.w. in SP wounds ( Figure 4A ). less granulation tissue was detected, with only a few vascular structures compared to MA wounds, in which neovaxularization was already abundant (Figure 4B) . In time, more granulation tissue was formed in the SP wounds, and differences in vascularization between both wound types disappeared after 3 weeks. After 16 weeks, in both wounds more vascular structures were still present compared to normal pig skin (not shown).
In the BM zone of the SP wounds, no newly formed chondroi- tin sulfate could be detected after 3 weeks p.w. (Figure SA) . However, in the MA wounds this could be readily detected (arrows, Figure 5B) .
In the dermal tissue the chondroitin sulfate staining was present throughout the tissue during the first 2 weeks. Thereafter, chondroitin sulfate staining diminished in the upper dermis of the wounds and in time this area enlarged. Differences were observed in the lower dermis. After 6 weeks the chondroitin sulfate staining remained diffuse for the SP wounds ( Figure 5C and 5E) , whereas in the lower dermis of the MA wounds the chondroitin sulfate labeling co-localized with newly formed collagen bundles ( Figure 5D and 5F). Over time this difference persisted between both wound types. Sixteen weeks P.w.. chondroitin sulfate staining was present in both wounds in the BM and around the collagen bundles in the mid-dermis. However, in the SP wounds the lower dermis still showed a diffuse staining pattern ( Figure 5G ), whereas the lower dermis of the MA wounds labeled as normal pig skin ( Figure 5H ). At this time point the regenerated dermis in the MA wounds was clearly larger than in the SP wounds.
Elastin
In normal pig skin, elastin fibers were found throughout the dermis and in the periphery of vascular structures ( Figure 6A ). In early granulation tissue no elastin staining could be detected. Only the thin layer of dermis attached to the transplanted split-skin mesh grafts stained positive for elastin (results not shown).
Three weeks p.w. in both wounds, newly formed elastin became detectable in the upper dermis underneath the epidermis. In time, the area at which elastin was formed enlarged. After 6 weeks pew., the lower dermis of the SP wounds was negative for elastin staining ( Figure 6B) , whereas in the MA wounds elastin staining was detected in this area ( Figure 6C ). This difference persisted Over time until the last evaluation at 16 weeks.
Immunohistochemical staining of the matrix material before implantation showed the presence of the elastin hydrolysate (Figure 7A) , in contrast to a collagen matrix without elastin hydrolysate coating ( Figure 7B ). In the MA wounds 1 week p.w., the elastin hydrolysate coating was still detected. Two weeks P.w.. however, the matrix material was negative for elastin, indicating ongoing biodegradation of the material (results not shown).
Electron Microscopy
In the SP wounds (Figures 8 A and SB) , many fibroblasts contained microfilament bundles (arrows) and other morphological characteristics of myofibroblasts (e.g., indented nuclei) (Desmouliere et al., 1992) . In the MA wounds, the collagen from the dermal implant (large arrows) could easily be discriminated from newly synthesized collagen (small arrows) (Figures 8C and 8D) . Fibroblasts were seen in close association with the matrix collagen fibers and did not show the characteristics of myofibroblasts.
Discussion
Full-thickness skin defects are often treated with split-skin mesh grafts or epidermal sheets. Several studies have shown that a der-mal component is essential for improved epidermal graft success and for improved quality of healing (Kangesu et al., 1993; Nave, 1992; Cuono et al., 1986) . Therefore, we have developed a dermal substitute which, in combination with a split-skin mesh graft, improved the dermal regeneration of full-thickness wounds in the pig compared to treatment with split-skin mesh grafts alone. The physical structure of the dermal matrix was visualized previously (Middelkoop et al., 1995) . The matrix fibers did not provoke foreign body reactions and were biodegraded within 4-6 weeks after implantation (de Vries et al., 1994) .
Earl'y Matrix Formation
At 1 week P.w.. fibronectin staining in MA wounds was mainly colocalized with collagen fibers of the matrix, in contrast to the SP wounds. in which fibronectin was present as a diffuse signal throughout the granulation tissue (Vande Berg et al.. 1993; Grinnell et al.. 1981) . In wound healing, fibronectins and fibronectin peptides play an important role. They are chemotactic for inflammatory cells and fibroblasts (Postlethwaite et al., 1981) and serve, together with fibrin, as a template for cell migration and adhesion. For example, fibroblasts could not migrate into plasma clots when fibronectin was depleted (Couchman et al., 1990; Knox et al., 1986) . Earlier cell density studies performed in our wound model showed that cell density in MA wounds after 2 weeks p.w. was significantly lower compared to SP wounds (Figures 1A and 1B) (de Vries et al., 1994) . The fibronectin staining pattern in the MA wound was visualized as a more localized expression and probably also a reduced expression, which could result in reduced chemotactic activity. This hypothesis might explain why fewer cells have migrated into the wound during the early healing process.
Angiogenesis
Staining for von Willebrand factor revealed that early vascularitation of the granulation tissue was stimulated in the MA compared to the SP wounds. The presence of the collagen matrix, acting as a deposit for growth factors, probably facilitates cell adherence and migration,.resulting in more rapid vascularization. The deposition of fibronectin along the collagen fibers might play a role in this, since it was demonstrated in vitro that endothelial cells grew and differentiated more rapidly when the fibronectin concentration in the substrate was higher (Ingber and Folkman. 1989 ).
BM Regeneration
BM regeneration was studied with the markers laminin and chondroitin sulfate. After 1 week laminin was already detected in the area under the migrating epidermis. Furthermore, laminin was associated with vascular structures. and this labeling pattern corresponded to the stainings found for von Willebrand factor. The early presence of laminin in regenerating BM was described in other studies in humans (Tmney et al., 1993; Clark et al., 1982) , but its presence is not necessarily correlated with a well-differentiated epidermis or with the formation of anchoring filaments. Chondroitin sulfate labeling proved to be a more discriminative marker for BM regeneration. In general, chondroitin sulfate reappeared approximately 1 week earlier in the MA wounds, indicating more rapid BM regeneration.
New Tissue &mation
In normal pig skin, chondroitin sulfate labeling was not limited to the BM but was also found in the dermis in the periphery of vascular structures (Daugaard et al., 1991) . It has been reported that CSPG expression was upregulated in pig granulation tissue using antibodies to the core protein (Ye0 et al., 1991) . The monoclonal antibody used in this study recognized the chondroitin SUIfate GAG chains attached to the core protein and stained all the CSPGs present in the wound bed.
During the first weeks P.w., fibronectin and CSPG expression were strongly upregulated throughout the granulation tissue. After 3 weeks, fibronectin and chondroitin sulfate started to disappear in the upper dermis, and in the same area elastin staining reappeared. Fibronectin staining was reduced to control levels within G weeks in the MA wounds and after approximately 12 weeks for the SP wounds. The same observations were made for the lower dermis of the MA wounds. Apparently, the matrix induces faster maturation of the granulation tissue and dermal regeneration in the lower dermis. This is an important observation, which explains the reduction of scar formation and wound contraction in these wounds.
or merely indicates a slower healing than in the MA wounds is presently not clear.
The elastin hydrolysate present on the dermal matrix was found to be rapidly degraded after implantation in the wound. This is not surprising, since many proteolytic processes take place in the early stages of wound healing (Stricklin et al., 1994) . Apparently, the beneficial effect of the elastin hydrolysate on the reduction of wound contraction and stimulation of dermal regeneration (de Vries et al., 1994) is executed in the early healing period (within 2 weeks P.w.). The exact nature of this effect, e.g., by modulation of the proteolytic activity (Rinehart et al., 1993; Gminski et al., 1991) or by cytokine mobilization, is now under investigation.
Myofibroblasts are believed to play an important role in wound contraction. It was shown that after 2 weeks p.w. in MA wounds fewer myofibroblasts were present compared to SP wounds (de Vries et al., 1994) . Our electron microscopic observations were in agreement with these results. Cells in close association with the matrix had no myofibroblast features. Apparently, the dermal substitute reduced the differentiation of fibroblasts into myofibroblasts. This effect might also be mediated by cytokines able to bind the colla-
In conclusion, the present study indicates that immunohistochemistry is an adequate method to visualize the beneficial effects of a dermal substitute on the tissue regeneration process. The effects of the dermal substitute on ECM deposition and remodeling are multiple: both early and late wound healing processes were influenced, and the regeneration in the lower dermis was especially stimulated. Furthermore, macroscopic observations such as wound contraction and scar formation, which were more pronounced for the SP wounds, were correlated with microscopic observations of synthesis and turnover of specific ECM molecules. ECM Remodeling gen-elastin dermal substitute. The regeneration of elastin fibers indicates a more final stage of the healing process. Elastin fiber regeneration in the pig was found to be much more rapid than in humans, in which scar tissue elastin was regenerated only after several years (Compton et al., 1989) . In addition, punch biopsies in humans treated with the same dermal substitute did not show elastin regeneration 3 months after wounding . In our animal wound model, we have not investigated elastin regeneration at a later time point than 16 weeks. Whether the reduced elastin expression found in the SP wounds at this time point represents a final stage of the scar tissue 
